Experimental mastitis induced with a single intramammary injection of Listeria monocytogenes was compared with two naturally occurring cases. Four strains of L. monocytogenes, two of serotype 1/2a and two of serotype 4b were used for the experimental infections and two diametrically opposed quarters of four cows were inoculated with 300 cfu. Bacteriological examination and somatic cell counts of quarter foremilk samples were performed weekly for at least 6 months after challenge. All the inoculated quarters developed chronic subclinical mastitis with occasional clinical episodes. The results were similar to those observed in natural listeria mastitis. Four experimentally infected quarters were treated during lactation (gentamicin and cloxacillin) or at " drying-off" (cloxacillin), or at both times.
Introduction
Listeria monocytogenes is an important food-borne pathogen, and contaminated raw milk and milk p r o d u~t s~-~ have been involved in several outbreaks of listeri~sis.~~ Some reports have indicated that L. monocytogenes can survive pasteurisation.6-' Although raw milk may be contaminated from environmental source^,^^^ several cases of bovine mastitis caused by L.
monocytogenes have been reported.'@''
In an attempt to explain the low incidence of mastitis caused by L. monocytogenes, Fedio et all3 suggested that either the techniques used to detect the presence of the organism in milk were unreliable or that the organism was not invasive for the bovine udder. However, mastitis has been induced experimentally after several repeated intramammary injections of large numbers of L. mono~ytogenes.~~ The route by which L. monocytogenes infects the udder naturally remains unknown. The udder could be infected by penetration of the teat or by localisation after systemic infe~ti0n.l~ Regardless of the route, contamination of raw milk with L. monocytogenes is a public health risk. Antibiotics are not effective in treating intramammary infection by L. monocytogenes and infected animals have to be culled from the herd. 13 Because of the low frequency of naturally occurring cases of mastitis caused by L. monocytogenes, an experimental model of udder infection is needed, both to understand the characteristics of infection and to evaluate the risk of contamination of raw milk. In this study, an experimental model for inducing bovine mastitis was developed that used a single inoculation with a few bacteria of different strains of L. monocytogenes. The results concerning contamination of milk after experimental intramammary infection of cows by L. monocytogenes throughout lactation, as well as infection of lymph nodes and organs, are presented and compared with naturally occurring cases of mastitis.
Materials and methods c o MIS
Two cows with naturally occurring listeria mastitis were detected in separate herds. Infections appeared in the first month after calving. Cow 204 was infected with L. nzonocytoyenes serotype 4b strain D7U22 in its left hind (LH) quarter and cow 2187 with serotype 1 /2a strain D7P09 in its right hind (RH) quarter. Both cows were kept for 2 weeks at INRA, Nouzilly, France, before slaughtering. For the experimental infections, four lactating Holstein cows (020, 026, 808 and 905), free of intramammary infection, were selected from our experimental herd. Two cows (026 and 905) were 2 months pregnant. The cows were isolated from the herd and milked with two milking units which were washed and disinfected between each animal. The animals were slaughtered 30 weeks (808), 33 weeks (026 and 905) or 38 weeks (020) after intramammary inoculation of L. rnonocytogenes.
Bacteria and challenge
Four strains of L . rnonocytogenes, two of serotype 4b and two of serotype 1/2a, were used for experimental intramammary inoculation. The serotypes and main characteristics of the strains used are summarised in table I. Strain D7R05 was provided by Professor J. Bille (Centre Hospitaiier Universitaire Vaudois, Lausanne, Switzerland). Challenge inocula were prepared by growing bacteria in 10 ml of Brain Heart Infusion Broth (BHI; Difco) for 18 h at 37°C; 2 ml of this culture were inoculated into 10 ml of BHI and cultured for 6 h at 37°C. Dilutions in physiological buffer (NaCI 0.8% w/v, NaHPO, 0.01 M) were then made to obtain a concentration of 1.5 x lo3 cfu/ml adjusted by measuring optical density. The bacterial suspension (0.2 ml, 300 cfu) was injected just after milking into the teat duct of two diametrically opposed quarters.l'
Bacterioloyical esamination of milk samples
Quarter foremilk samples were collected aseptically just before milking, daily from the naturally infected cows and weekly from the experimentally infected cows. For the latter, 1 ml of milk was sonicated for 30 s at a power setting of 8 W (Sonics and Materials, Danbury, Connecticut, USA), to release intracellular L. monocytogenes and to disperse bacterial aggregates. Either non-sonicated milk or sonicated milk (0.1 ml) was plated directly on sheep blood agar and incubated for 18-24 h at 37°C for bacterial examination. The milk samples were not diluted; consequently 2500 cfu/ml was the upper limit considered for counting bacteria.
Milk somatic cell counts (SCC)
The milk SCC were determined with an electronic cell counter (Coulter model ZM ; Coultronics, Margency, France) according to the method of the International Dairy Federation."
Post -mor tern exam in at ion
Samples (4-53 mg) of liver, spleen, supramammary and iliac lymph nodes (right and left) and mesenteric lymph nodes were taken aseptically from all cows immediately after slaughter. Samples were frozen at -20°C within 1 h of collection. Organ and lymph node samples from spontaneously infected cows were allowed to thaw at room temperature and then homogenised in 3 volumes (3 ml/g of sample) of trypticase soy broth supplemented with yeast extract (TSB-YE). This suspension was then diluted in 100 ml of TSB-YE and TSB-YE supplemented with inhibitors (acriflavin 0-002 YO w/v, nalidixic acid 0-004 YO w/v, cycloheximide 0-006 O/ O w/v) and incubated for 1 week at 37°C or 2 months at 4"C, respectively. At the end of the incubation period, 0-2-ml volumes were plated on PALCAM agarls (Biokar Diagnostics, Beauvais, France) and cultures were examined after 18 h at 37°C. For the experimentally infected cows, tissue samples were treated according to the protocol recommended by the French Department of Agriculture and Fishing'' for the detection of L. rnonocytogenes in milk products. In brief, after thawing at room temperature, samples were homogenised with Fraser 1 /2 broth and one volume was added to 9 volumes of Fraser 1/2 broth. After 18-24 h at 37°C (primary enrichment) 0.1 ml of the culture was added to 10 ml of Fraser broth and incubated for 24-48 h at 37°C (secondary enrichment). PALCAM agar plates were used for the isolation of bacteria. This was repeated at 48 h if no growth occurred after incubation for 24 h in Fraser broth. 
Antibiotic therapy and antibiotic susceptibility of isolates
At 18 and 20 weeks after experimental infection, all infected quarters of cows 808 and 905 were treated during lactation with two intramammary injections of a combination of gentamicin (50 mg) and cloxacillin (200 mg) (Gentamam ; Schering-Plough Santk Animale, Segre, France). The efficiency of treatment was determined weekly by microbiological examination of milk samples for 3-4 weeks after injection of the antibiotics. At "drying-off", each quarter of cows 026 and 905 was treated with a single intramammary injection of benzathine-cloxacillin (756 mg ; Orbenor, Smithkline Beecham Pharmaceuticals, Brentford) according to the manufacturer's recommendations.
The susceptibility of L. monocytogenes strains isolated from tissues and milk samples to gentamicin and cloxacillin was investigated before and after treatments. Antibiograms were determined by the conventional Kirby-Bauer disk diffusion test on MuellerHinton agar incubated for 24 h at 35°C. Diameters of zones of growth inhibition were measured and antibiograms were interpreted according to the manufacturer's recommendations (Diagnostics Pasteur, Marnes-la-Coquette, France).
Characterisation of L. monocytogenes isolates
Twenty-four strains of L. monocytogenes were isolated from milk and tissue samples from experimentally infected cows. Serotyping and lysotyping were performed for strains isolated from the infected quarters of each cow, the week after the challenge and 17-21 weeks later, from the newly infected quarters of cow 808 and from infected quarters of cow 905 after antibiotic treatment. The strains isolated from the lymph nodes of cows 808 and 905, and from quarter milk samples of cows 026 and 905 after calving were also characterised.
Serogroups and phagovars were determined with unabsorbed sera prepared according to the reference method2' and with the international set of bacteriophages,21 respectively. These strains were further characterised by DNA macro-restriction analysis : DNA was digested by ApaI or SmaI and the fragments generated were separated by pulsed-field gel electrophoresis (PFGE) as described previously.22* 23
Results

Clinical observations
No clinical episode was recorded for cows 204 and 2 187 with natural intramammary infection during the period of observation. The four experimentally infected cows developed mastitis in all the quarters inoculated with the different strains of L. monocytogenes. Infections were usually subclinical and the udders appeared normal, although milk clots were 
Bacteriological examination of milk
The numbers of L. monocytogenes, in non-sonicated quarter foremilk samples, ranged from 720 to > 2500 cfu/ml for the naturally infected cows and from none to > 2500 cfu/ml for the experimentally infected cows (table 11) . One week after experimental challenge, non-sonicated milk samples from all cows were positive for L. monocytogenes. L. monocytogenes was not isolated from four RF quarter milk samples from cow 020, but was consistently isolated from all quarters milk samples from the other cows. Sonication of the milk increased the number of cfu;
> 2500 cfu/ml were isolated in 65 (46 YO) of 141 samples of sonicated milk compared with 40 (27 YO) of 149 non-sonicated samples. L. monocytogenes was not isolated from four samples of non-sonicated milk from cow 020, whereas the organism was isolated from three samples after sonication (table 111) .
Milk somatic cell counts
The mean milk SCC of samples from the naturally infected quarters of cows 204 and 2187 were > lo6 cells/ml. During the course of infection 1-5-fold variation in SCC was observed among the milk samples from each infected quarter (table IV) . Similar results were observed for the RF and LH quarters for cow 808, in which natural infection with L. monocytogenes occurred during the experiment.
For experimentally infected quarters, the mean SCC were also > lo6 cells/ml except in the RF quarter of A nrihiotic rherupj* Intramammary antibiotic therapy during lactation of cows 808 and 905 with gentamicin-cloxacillin was ineffective. All quarters inoculated with antibiotics shed > 2500 L. rnonoc~*toyenes/ml of milk until " drying-off *' 3 4 weeks after treatment (data not shown). After calving, cow 026 excreted L . nzonoe-vtogenes from one experimentally infected quarter and cow 905 from two experimentally infected quarters, despite treatment with benzathine-cloxacillin at "drying-off ". All strains isolated after treatment during lactation or at "drying-off" were susceptible to the corresponding antibiotic.
Bwteriologicnl esaniinatiort oj'organs and llwiph nodes
L . i?lonocll.toyerzes was not isolated from organ samples of naturally infected cows by direct plating on sheep blood agar or on PALCAM. The left supramammary lymph node of cow 204, and the left iliac and the right supramammary lymph nodes of cow 
2 187, were positive for L. monocytogenes after incubation for 2 months at 4°C in TSB-YE (table V) . L. monocytogenes was not isolated by direct plating of homogenised samples from experimental infections on to sheep blood agar and PALCAM. After the first phase of enrichment, L. rnonocytogenes colonies were isolated in pure culture from the right supramammary lymph node of cow 808, and from the two supramammary lymph nodes of cow 905 ( 
Charcicter isat ion of' L. monoq't oymes isolates
The 24 strains were divided in four different genomic varieties by PFGE. according to their restriction pattern with ApaI or SmaI. Restriction profiles are shown in the figure. Each genomic variety was constituted by the strains isolated from the same cow. After lysotyping and serotyping, the 24 strains were also divided into four types. All the strains isolated from a given cow had identical serotype and lysotype, corresponding to those of the strain used for the experimental infection. Moreover, the strains isolated from the spontaneous infections that appeared in RF and LH quarters of cow 808 during lactation and in the RF quarter of cow 905 after calving were similar to the strain used for inoculation in the other quarters. L. rl.lorzoc:tito!ii'iles strains isolated from the lymph nodes of cows 808 and 905 were also identical to the strains used [or challenge.
Discussion
The route of infection for naturally occurring cases of lisieria mastitis still remains controversial. However, it appears likely that a few bacteria penetrating the teat canal can produce an infection. If the mammary quarter is the original site of infection of L. tnnnnc:,'f(~!IP1rP.\. the stages in the infection process would probably be the same as those proposed by Bramley and Dodd.24 The bacteria have to contaminate the teat end before penetration into the quarter. In the present study. infection was induced with a single inoculation of 300 cfu, which may be close to the infecting dose in naturally occurring listeria mastitis. All inoculated quarters were infected regardless of the serotype or the origin of the strains. Both the strain isolated from raw milk and the human strain were able to induce mastitis. and no relationship could be found between the serotype of the infecting strain and the severit) of the infection. The features of these experimental infections were the same as those observed in the tuo naturally occurring cases. The mean SSC in milk samples from all L. monocytogenes infected quarters ofien exceeded lo6 cells, with great variation among milk samples from the cows throughout the course of the infection. Although clinical episodes were rare. spontaneous and experimental listeria mastitis can be defined mainly as subclinical mastitis coinpara ble to most Staphylococcus aureus intramammarl rnfection.'j According to the terminology of Griffin ct ri/.,'6 pathogens involved in udder infections can be separated into minor and major pathogens. Minor pathogens (unlike major pathogens), cause small inflammatory reactions of usually < 106 cells/ml of' m i l k . Taking into account the severity of inflammation measured bj SCC. L. n?onocj*togenes should be considered as a major mastitis pathogen.
With the exception of the LF quarter of cow 808, L. m m i c i'toqenc.j as shed continuously from all the experimental infected quarters as observed for natural cases. Similar results have been reported by Bryner et a1.l4 who also induced chronic listeria mastitis after experimental challenge. However, in their experimental listeria mastitis model, as well as other models described in published reports,' infections were induced with repeated intramammary inoculations (2-9 times) of large numbers (lo3-10' cfu) of L. monocytogenes and with additional injections into the supramammary lymph nodes. Under these conditions, the bacteria were isolated from other organ^.'^^^' Vishinsky et al.15 have also isolated L. monocytogenes from different organs of a cow with a naturally occurring case of listeria mastitis. The authors were not able to determine the original site of the infection.
Because outbreaks of listeriosis in man have been associated with consumption of contaminated food, the oral route is presently recognised as the route of infection of L. monocytogenes and the intestinal tissues as the initial site of invasion.28 When goats were infected orally with 6 x lo9 cfu of L. rnonocytogenes, organisms were isolated from their milk and faeces. All virulent strains of L. monocytogenes infected the animals and organisms were recovered from the liver and spleen. In the present study, the comparison of organs and lymph nodes from the two naturally occurring cases of listeria mastitis with those from two experimentally infected cows (808 and 905) that were infected for > 7 months, did not differ. Listeria were found in the supramammary node of four cows and in an iliac node of a spontaneously infected cow (2 187). Listeria were never recovered from the liver or spleen, which usually becomes infected when high doses of Listeria are administered by the intramammary, the intragastric or the aerosol routes.2'' 30. 31 In this study, L. monocytogenes never spread to other organs even 7 months after experimental or 2 weeks after natural infections. The draining lymph nodes of the udder apparently performed their protective role and prevented generalised infection. These results differ from those of Vishinsky et al.15 who proposed that the spread of L. monucytogenes to other organs was the result of stress-induced bacteraemia after udder infec t ion.
Despite the susceptibility of the strains to gentamicin, treatment with gentamicin-cloxacillin during lactation was not effective and cows 808 and 905 shed listeria continuously. of listeria mastitis. In the present study, administration of benzathine-cloxacillin at " drying-off" was also ineffective in eliminating infection by listeria. The failure of treatment was not related to resistance of L. monocytogenes to the antibiotics as demonstrated by antibiograms with strains isolated after antibiotic treatment. Serotyping, lysotyping and DNA macro-restriction analysis indicated that all the isolates from the same cow were identical and confirmed the persistence of the infection throughout the experiment. These results also confirmed the ineffectiveness of antibiotic treatment either during lactation or at "drying-off" since the strains used for the challenge were recovered throughout the experiment from cow 905 and in the next lactation in cows 026 and 905. Moreover, the strains isolated from the RF and LH quarters of cow 808 and from the RF quarter of cow 905 after calving were identical to the strains used for the experimental infection. These results indicated that these spontaneous infections were probably due to a crossinfection between the quarters of the cow during machine milking.33 Contamination of the supramammary or iliac lymph nodes by the same strains as those isolated in the udder was consistent with the possibility of the intramammary route of infection since listeria had not been detected in other organs.
In comparison with results obtained after sonication of milk samples, direct plating underestimated the level of counts of L. monocytogenes, so that there was a risk of false negative diagnosis of intramammary infection. However, because milk samples can be contaminated by pathogens from external sources,** no reliable diagnosis is possible without careful aseptic sampling.34 Consequently, a risk of false positive diagnosis possibly exists when enrichment and selective media are used. Direct plating on agar base medium allows the evaluation of the sampling and we recommend this procedure in association with preliminary sonication of the milk samples for the diagnosis of mastitis caused by L. monocytogenes. Under the conditions of sonication used, somatic cells of milk samples were disrupted as determined by microscopic examination, and L. monocytogenes was not killed (data not shown). De Chastellier and B e r~h e~~ have demonstrated simultaneous killing and survival of L. monocytogenes in macrophages. About 43% of the phagocytic cells in milk from quarters infected by Listeria were infected with 1.5-9-2 L. mortocyt~genes/phagocyte.~~ 36 These results could explain the persistence of infection by listeria and the scarcity of recovery, since antibiotics used in intramammary treatments are likely to be less efficient against intracellular L. monocytogenes.
Although listeria mastitis is rare,13 it poses a serious health risk, particularly when dairy industries use raw milk. The risk is due to both the persistence of infection as reported here and the level of milk contamination. On one occasion 60000 L. monocytogenes cfu/ml of milk from an infected quarter were found (data not shown). Supposing, for example, in a herd of 50 cows each had a similar milk yield, the level of contamination of bulk milk would be in the order of 300 L. monocytogenes/ml. Consequently, in order to prevent contamination of bulk milk, early detection of cows with listeria mastitis is required. This experimental infection model closely resembled naturally occurring cases, and should, therefore, be of value in the development of methods that are simpler and cheaper than bacteriological approaches for diagnosis of infection by L. monocytogenes and evaluation of treatments.
